Pipeline girth welds API 5L steel a b s t r a c t A fully automatic friction welding system was specially developed for the girth friction welding of pipelines with a diameter of up to 400 mm. The friction welding methods were solid-state joining processes based on the generation of heat through the contact and rotation of an intermediate ring placed between two pipes ends. The thermomechanical process used in this non-fusion method generated different welding zones and microstructures.
Introduction
Pipe joining is one of the most critical and expensive processes in pipeline construction. Different techniques and welding processes are used to join pipes, including gas metal arc welding (GMAW), shielded metal arc welding (SMAW), submerged arc welding (SAW), and electric resistance welding (ERW) [1] [2] [3] [4] [5] [6] .
In general, the quality and production rate of fusion-welded joints depend on the skills of the welders. Advanced joining techniques promote great benefits to industry. Friction welding processes have been widely investigated, showing their advantages over other conventional welding techniques. The joining occurs without melting and is classified as a solidstate welding process. Thus, the problems associated with the solidification of materials are reduced or even eliminated. Additionally, the low gas diffusion drastically reduces the risk of hydrogen-assisted cracking. The other advantages are also significant, including the reduction of processing time and improvements in the joining quality.
In the friction process, a relative movement between contact parts is necessary to generate the heat needed for welding. complex projects to create relative movement between them. To overcome this difficulty, friction welding systems have been specially developed to join pipes in pipelines. In 1997, an international patent application was filed entitled "Method of Friction Welding Tubular Members" [7] . It presented a method that uses radial friction welding with an intermediate ring.
Graham [8] demonstrated that this process is suitable to weld duplex stainless steel pipes with a diameter of 152.4 mm.
The properties and corrosion resistance were adequate for flow line applications. A study of radial friction welding applied to supermartensitic stainless steel pipes conducted by Della Rovere et al. [9] showed the martensite and retained austenite in the ring. Another study showed the relatively lower fracture toughness of the weld compared to those of the ring and base material [10] . The microstructural changes promoted by the process in the ring region increased the pitting corrosion resistance [11] .
In 2000, another process variant was proposed using an intermediate flat-shaped ring, with the application of rotation only on the ring. A special machine was developed to research this new technique [12] . Recently, Faes et al. [13] [14] [15] reported on extensive investigations of the feasibility of this process. The method has been researched for use with conventional rolled pipe steels (API 5L grade X42) in small-scale experiments [13] . Other experiments [14] demonstrated the effects of the forge pressure in API 5L X42 pipeline joints. Another study on an API 5L X52 pipeline focused on welding parameter optimisation and the use of different materials for the ring [15] . These studies applied pipe ends and rings with specific geometries, and the joint quality was evaluated using Charpy impact tests.
Another comparable friction welding system was developed for offshore pipelines [16, 17] . The full-scale system, called MASF 1500 ( Fig. 1 ), is capable of joining different types of materials with diameters of up to 400 mm. The motion of the part produces enough heat to increase the temperature to the plastic state of the material. The controlled axial force of each pipe drives the progress of the friction phase until the rotation of the ring is quickly interrupted. In the next step, the axial force is increased, with a weld interface generated by the final forging force. The joining is carried out automatically in a one-shot welding process. In this method, the welding cycle time is substantially reduced compared to those of multi-pass fusion welding techniques. In contrast to other concepts, the MASF 1500 uses concave rings and convex pipe ends. These facilitate the alignment of the pipes in the first stages of the Adapted from Ref. [19] .
process, assist in producing the plastic state of the material, and prevent defects such as a lack of penetration. This geometric concept is associated with the friction hydro pillar processing [18] , which is a method of friction welding repair.
The power generation sources of the process (electric and hydraulic) are different from those used in other systems. The clamping systems have interconnected hydraulic actuators to move the gripping tools. The movement system, which is responsible for applying the axial and forging force, is also interconnected to the hydraulic actuators, and the set of actuators can reach up to 1500 kN. The connections of this system allow the synchronised control of the process. The rotation system utilises synchronised electric motors, which can achieve up to 300 hp and a maximum rotation speed of the ring of 500 rpm.
During this process, opposing axial forces are applied to the pipes while the intermediate ring remains under constant rotation. The relative movement between the surfaces of the ring and pipes increases the heat, which decreases the material strength and plasticises it. The concave portion of the ring is fulfilled with the deformed pipe, pushing the excess material to the exterior and interior of the pipes (flash). The ring rotation is interrupted when the process reaches the burn-off (pre-set pipe displacement), and the forging forces are applied to improve the mechanical properties of the joints. Depending on the welding parameters, pipes can be joined in less than 5 min. Fig. 2 schematically presents the welding parameters evolution during the process.
Some initial studies were performed using this welding system [16, 17, 19] . The welding parameters applied to duplex stainless steel UNS 32205 pipe joints were analysed in terms of the tensile properties and microstructure modification [16, 17] . The joints showed reduced portions of intermetallic phase precipitations, below the DNV-OS-F101 [20] acceptance criteria. In another investigation, rotating flanges of API 6A were applied in ASTM A36 [19] . This study showed the good feasibility of using this process to weld flanges. The results indicated that the highest values of force (axial and forging) achieved good performances in mechanical tests, despite the detection of discontinuities in the welding region [19] . None of those investigations explored the mechanisms of the fracture toughness in terms of crack tip opening displacement (CTOD). A test is typically conducted to determine the CTOD in offshore applications to measure the resistance of the pipeline joints. As a novel technique friction welding process, it is essential to understand this aspect of the material welded. In this work, the friction welding process was applied to API 5L grade X46 pipelines and evaluated using CTOD tests, in addition to microstructure and microhardness analyses.
Experimental procedures
As full-scale equipment for friction welding, the MASF 1500 was designed to weld pipes with different diameters and thicknesses. This apparatus was designed, built, and commissioned by the Physical Metallurgy Laboratory (LAMEF) of the Federal University of Rio Grande do Sul (UFRGS) of Brazil in 2010. The length of the pipes produces no difficulties for the operation because the frictional heat is generated by the rotation of the ring. The system provides real-time monitoring of the evolution of the force, rotation, power, torque, and burn-off. The material used were pipes of API 5L X46 and rings of ASTM A516. Their compositions and strength properties are listed in Table 1 . The pipes welded had a diameter of 220 mm and wall thickness of 8 mm, and the rings had an inner thickness of 12.7 mm. The dimensions of the pipe and ring are shown in Fig. 3 . This steel pipe was selected because it is commonly used for pipeline transportation systems in the petroleum and natural gas industries. The welding parameters were determined using a set of experimental trials, ensuring the correct equipment performance for the pipe dimensions. The selected parameters were a rotation speed of 500 rpm, burn-off of 20 mm, and axial and forging forces of 210 kN. The forging force was applied for a period of 30 s. Fig. 4 shows the process and welded pipeline.
The feasibility of the welding process was evaluated using macrostructural, microstructural, hardness, and toughness tests in the as-welded condition. The flash was extracted using electric discharge machining to remove the material with high precision. The macro-and microstructures of the weld zone were examined using optical microscopy (OM) on samples etched with 2% nital.
Hardness evaluations were performed in three horizontal profiles using cross-sections perpendicular to the welding line, one at the centre of the thick section and two at distances of 2 mm from the borders (top and bottom). The spacing between the indentations was 0.3 mm, and the test was performed with 500 g.
The fracture toughness CTOD tests were performed according to API 1104 [21] . Samples were extracted from two opposite locations, at the 3 and 9 o'clock positions. The notches in the specimens were localised on the centre of the ring and at the left and right of heat affected zones (HAZ). The crack tips were oriented in the through-thickness direction of the pipe. The notches were machined after the etching process to ensure that the final fatigue pre-crack went through the HAZ.
The bend specimens were 5 mm × 10 mm, in accordance with BS 7448 Part 1 [22] and BS EN ISO 15653 [23] . The fatigue pre-cracking was performed at a constant K of 15 MPa √ m, a/W of 0.5, load ratio (R) of 0.1, and frequency of 10 Hz. A clip gauge was positioned at the mouth of each sample connected to a 100 kN hydraulic MTS Landmark frame. All the tests were performed at room temperature at LAMEF (UFRGSBrazil). The maximum load was calculated using a minimum of three specimens.
After testing, fractographic observation of the specimens was performed using scanning electron microscopy (SEM) with a secondary electron detector. Electron dispersive spectroscopy (EDS) analyses were also performed with the SEM, obtaining the chemical composition of the inclusions at the fracture surface.
Results and discussion

Microstructure
As expected from the friction welding method, the thermomechanical process transformed the microstructures of the parent materials (pipe and ring). Different zones were observed in the joint. Similar to the results of other friction processes, the regions could be divided into the HAZ, thermomechanically affected zone (TMAZ), and welding ring. As observed by Faes et al. [13] [14] [15] , the combination of welding parameters such as the rotation, burn-off, and axial and forge forces influenced the microstructures and sizes of these zones. The modification of the microstructures of the parent materials was a consequence of the severe thermomechanical cycle applied to the pipes and ring. As displayed in Fig. 5 , a macrograph of the cross section revealed the weld regions. The V-shape of the welding ring zone, characterised by the bonding line of the ring and pipe, is a result of the prior geometries of the end pipe and ring. The concave ring and convex pipe ends facilitated the outward flow of the plastic material, preventing defects such as voids or a lack of penetration. The inner pipe diameter displayed a smaller welding ring zone because of the higher temperature achieved during the process.
The unaffected pipe material microstructure exhibited banded ferrite and pearlite features aligned in the rolling direction. The microstructures at the weld interface were composed of a mixture of acicular coarse grains, an allotriomorphic grain boundary, and Widmanstätten ferrite, along with the aligned martensite, austenite, and carbides (MAC). This microstructure indicated that this region was exposed to higher temperatures during the process. The Widmanstät-ten and acicular ferrite morphologies both occur when an austenitic microstructure is subjected to rapid cooling. The TMAZ showed a higher welded region allotriomorphic grain boundary content, while the ring zone showed a higher amount of Widmanstätten. This indicated that the pipe cooling here occurred at the highest rates. Moreover, the ring was less able to dissipate heat than the pipes because of the smaller volume of the material. A similar behaviour was evaluated by Faes et al. [13] . In their study, pipes of API 5L X52 were welded with rings of normalised fine-grained low-alloy steels. The study analysed the thermal effect of welding with different rings shapes. The results showed that a particular volume of material was necessary to avoid overheating the microstructures. 
Microhardness
There were no significant differences between the hardness profiles measured at the three line positions (Fig. 6 ). The welding ring zone showed a higher hardness than the pipe material. Each profile indicated a different extension of it. This behaviour was associated with the V-shape of the welded region and the thermal and mechanical effects that developed the microstructure observed in this zone. The highest hardness peak was 384 HV 0.5 measured at the bottom line. According to the API 1104 standard [21] , joints with values above 350 HV should be evaluated for the risk of hydrogen cracking. However, the friction welding process promotes joints without a molten weld pool. This feature dramatically reduces the absorption of hydrogen and other gases. Della Rovere et al. [10] observed similar hardness profiles. The joints of super-martensitic stainless steel pipes showed a maximum hardness in the centre of the weld. Faes et al. [15] investigated API 5L X52 pipes welded with rings of different volumes. In this study, a decrease in hardness was observed in the middle of the ring zone with an increase in ring thickness. This characteristic demonstrates the capacity of the base material (ring) to accumulate heat without significant modification of the microstructure.
Fracture toughness
The results of toughness tests of the base material and welding zones are shown in Fig. 7 . It is observed that the original materials displayed higher CTOD values than the welded specimens. The ring centre showed the lowest toughness. The different positions of the weld evaluation (3 and 9 o'clock) showed a uniform characteristic. Even with the variation in their values, the HAZ or centre of the ring had CTOD values higher than the API 1104 [21] requirements of 0.05 mm. Fracture surface evaluations of the CTOD test samples from the parental pipe and ring materials showed ductile characteristics, composed of microvoids, as shown in Fig. 8 . The pipe material displayed fine dimples nucleated in small inclusions with a globular shape and diameter of less than 5 m. Several extended voids were observed in the parent ring, which were associated with decohesion inclusions from the surrounding steel matrix during the test.
All the fracture surface specimens extracted from the welding region exhibited the same ductile fracture behaviour, with dimples nucleated at the inclusions. The inclusions had different sizes and morphologies. In specimens from the HAZ at the centre of the dimples, small particles with a globular shape (less than 5 m) were present, similar to those observed in the parent pipe materials, as shown in Fig. 8(A) and (B) . The specimens extracted from the centre of the ring revealed elongated bands of inclusions arranged perpendicular to the crack propagation ( Fig. 9(A) ). The EDS analysis showed that these bands were composed of MnS inclusions with fragmented and irregular shapes. The specimen with the lowest toughness (CTOD = 0.09 mm) had a thin manganese sulphide film and other irregularly shaped inclusions (Fig. 9(B) ).
These results showed that the material toughness decrease was partly associated with the microstructural modifications produced during the welding process. It was related to the grain growth, allotriomorphic and Widmanstätten ferrite formation of grain boundaries, and MAC constituent development. These structures were formed by the welding process and demonstrated an overheated characteristic. Thus, the toughness may be improved by modifying the welding parameters to produce a different thermal input. In addition, the V-shape of the joint contributed to the toughness because there was no preferential perpendicular path for the crack tip growth.
Interestingly, despite the ductile fracture behaviour in the welding zones, the dimples had smaller and shallower formats. These were associated with the lower plastic deformation due to the nucleation, growth, and coalescence of microvoids around the inclusions. The nucleation of voids around smaller inclusions provides a path for crack propagation. Thus, the inclusion linkage occurs via a highly localised shear mechanism, as demonstrated by Anderson [24] . The inclusions present were likely from parent materials. The thermomechanical effect imposed by the welding process caused modifications in the form and magnitude of the prior MnS inclusions. The combination of compressive stress and shear fragmented the inclusions into smaller sizes. Furthermore, the heat input may have melted the MnS inclusions, changing their shape to thin films ( Fig. 9(B) ). Thus, the inclusions became nucleating agents, facilitating the reduction of toughness. This is also an intrinsic observed characteristic of the friction welding process, which shows the same effect of inclusions. The inclusions dispersed in the original material will be exposed to the same friction action imposed on the steel matrix. Because the format of the inclusions is associated with the degree of deformation and the plasticity of the inclusions and steel matrix, the welding process will directly interfere with these inclusions [25, 26] . Moreover, the presented inclusions, like thin films (Fig. 9(B) ), are likely a consequence of the higher peak temperatures and longer welding time, which lead to their dissolution and even melting [26] . The inclusions dispersed in the weld may drastically decrease its toughness. However, even with the presence of overheated microstructures, the centre of the ring still displayed a ductile fracture mode, indicating that this characteristic influences the fracture mechanism. The pipes and welding ring materials involved in the process underwent a severe thermal and mechanical cycle and, consequently, their mechanical properties were affected by the corresponding metallurgical modifications. The differences between the base materials and weld microstructures were attributed to the plastic deformation, heat flow, and cooling rate.
The microstructure that resulted from this process produced peaks in the hardness in the centre of the ring. The hardness profiles indicated values above the minimum recommended by API 1104 [21] standard, which prevented the risk of hydrogen-assisted cracking. This recommendation is applied to fusion welding processes, which are recognised by their higher hydrogen solubility. On the other hand, the joints produced in this study were the results of a friction welding process classified as a solid-state process. Nevertheless, an analysis of the risk of hydrogen embrittlement must be conducted.
Conclusions
A full-scale pipeline welding friction machine was used to weld API 5L X46 steel pipes with an outer diameter of 220 mm and wall thickness of 8 mm. The friction process modified the properties of the parent materials as a result of the severe thermomechanical cycle applied to the pipes and ring. The welded region displayed overheated microstructures and the highest hardness values in the centre of the ring. In terms of fracture toughness, the values in the HAZ and centre of the ring decreased as a result of the modification of the microstructure and the MnS inclusions imposed by the friction process. Based on the acceptance criteria for hardness, indicated in the API 1104 [21] standard, additional tests should be performed with regard to the risk of hydrogen cracking, even though this is a solid-state process. On the other hand, the results of the CTOD tests met the requirement of this standard.
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